The biogeochemical impacts of iron-rich dust to the oceans are known for Earth's recent record but unexplored for deep time, despite recognition of large ancient dust fluxes, particularly during the late Paleozoic. We report a unique Fe relationship for Upper Pennsylvanian mudrock of eolian origin that records lowstand (glacial) conditions within a carbonate buildup of western equatorial Pangaea (western United States) well removed from other detrital inputs. Here, reactive Fe unambiguously linked to dust is enriched without a corresponding increase in total Fe. More broadly, data from thick coeval loess deposits of western equatorial Pangaea show the same marked enrichment in reactive Fe. This enrichment-atypical compared to modern marine, fluvial, glacial, loess, and soil sediments-suggests an enhancement of the reactivity of the internal Fe pool that increased the bioavailability of the Fe for marine primary production. Regardless of the mechanism behind this enhancement, our data in combination with other evidence for high dust fluxes imply delivery of extraordinarily large amounts of biogeochemically reactive Fe to glacial-stage late Paleozoic seas, and modeling of this indicates major impacts on carbon cycling and attendant climatic feedbacks.
INTRODUCTION
In much of the modern ocean, iron is a limiting nutrient for marine primary productivity, which in turn influences atmospheric CO 2 (e.g., Martin et al., 1994; Boyd et al., 2007) . Atmospheric dust is a key source of bioavailable Fe to the ocean (e.g., Jickells et al., 2005) , despite uncertainty regarding the processes that enhance Fe bioavailability from dust (e.g., Mahowald et al., 2009; Raiswell and Canfield, 2012) . Clarification of the role of Fe in ocean biogeochemistry thus remains a goal for the modern and recent, and is completely unexplored for Earth's deep-time record.
The role of Fe in ancient ecosystems is elucidated by techniques enabling identification of three Fe pools within the total Fe (Fe T ) pool: highly reactive (Fe HR ), poorly reactive, and unreactive (Canfield, 1989; Raiswell et al., 1994; Raiswell and Canfield, 1998; Poulton and Canfield, 2005) . Fe HR in mineral dust consists predominantly of amorphous and crystalline iron oxides and (oxyhydr)oxides. These phases are most likely to have been soluble and thus bioavailable at the time of deposition. This original Fe HR is present in ancient dust dominantly as crystalline oxides, soluble in a citrate-bicarbonate-buffered sodium dithionite (CBD) solution (Fe D ). In some cases, a portion of those oxides may have been diagenetically transformed to pyrite (Fe py ) . If the crystalline oxide phases extracted from the geologic record at least partially reflect less-crystalline, more-soluble oxyhydroxide bioavailable precursors such as ferrihydrite, then ancient Fe HR correspondingly scales to initial bioavailability and thus can be used as a proxy for primary productivity, assuming ancient oceans had Fe-limited regions like today's oceans.
This scaling assumes that initial bioavailable Fe would have converted diagenetically to crystalline oxides and can never be measured directly in ancient sediment. Furthermore, prior to deposition, these phases would have been amenable to enhanced secondary bioavailability though photochemical or cloud/aerosol processing during eolian transport (Shi et al., 2012 ). An accurate measure of initial bioavailability for Fe phases buried, recrystallized, and now preserved remains a challenge even for the modern, but our approach advances this goal. Here, we assess Fe reactivity from Pennsylvanian glacial-stage dust preserved in an isolated reef and in paleo-loesses of greater western equatorial Pangaea (western United States). Collectively, these findings suggest remarkable fluxes of highly reactive Fe that should have profoundly influenced biogeochemical cycling of the late Paleozoic.
GEOLOGICAL BACKGROUND AND METHODS
During Pennsylvanian-Permian time, highlands and basins of the Ancestral Rocky Mountains formed in western tropical Pangaea (Figs. 1A and 1B) . Strata within this greater region include the thickest (>700 m) dust/loess deposits *E-mail: lsoreg@ou.edu (Soreghan et al., 2008) , and marine carbonate in epeiric systems. One such epeiric system, the Midland Basin, contains Horseshoe atoll, an isolated Upper Pennsylvanian-Lower Permian algal reef (Fig. 1B) devoid of siliciclastic material excepting that delivered via eolian input (Sur et al., 2010a) . The provenance of this dust indicates continental sources (e.g., Ancestral Rocky Mountains uplifts) with minor contributions from the Ouachita orogen (Sur et al., 2010a ). An important implication of this setting is that chemical fingerprints of this dust and its inferred bioavailability can be extrapolated to the vast loess and dust deposits preserved in the coeval continental record. Furthermore, these large volumes of continental dust suggest that parts of the ocean received similarly large Fe inputs (Large et al., 2015; Soreghan et al., 2015) with analogous bioreactivity. The section (Cisco unit) at Horseshoe atoll contains several glacioeustatic sequences (~18-24 m thick) separated by paleosols recording glacial (lowstand) conditions that exposed the buildups to dust fall, much like the Bahamian reef incorporates Saharan dust today. The middle Gzhelian (Upper Pennsylvanian) interval consists predominantly (99%) of carbonate, with <1% siliciclastic mudrock concentrated at sequence boundaries (Sur et al., 2010a) . We highlight analyses on the sequence-bounding, glacial-stage mudrock from two sequences. The section is subsurface, hence we used a continuous, air-drilled core. For dust extraction, 50 g samples were crushed to pea size and treated with HCl for carbonate removal, combustion for organic removal, and CBD for Fe-oxide removal (Sur et al., 2010b) . To assess Fe T , samples were powdered and dissolved using a standard multi-acid digestion for total elemental concentrations using an inductively coupled plasma-mass spectrometer (ICP-MS). A split was used to analyze Fe-pyrite contents and pyrite S isotopes using a standard chromium reduction method. A sequential Fe extraction was done to measure Fe-carbonates, Fe-oxides, and Fe-magnetite (see the GSA Data Repository 1 for additional details). Figure 1D details the weight percent of siliciclastic dust extracted through one sequence and highlights the mudrock that occurs atop a (glacial-stage) exposure surface (sequence boundary). This boundary is marked by pedogenic calcrete and root traces (Sur et al., 2010a ; Fig. 2A ) in sharp contact with subtidal carbonate above and below. Within the mudrock, subangular blocky microstructures, pedotubules, clay coatings, and localized centimeter-scale slickensides mark pedogenesis (Fig. 2B) ; additionally, euhedral pyrite crystals and aggregates (spore pseudomorphs) are common (Fig. 2C ). Quartz and illite are the dominant components. Modal grain size is 5 µm (mean = 6 µm; median = 5.5 µm).
SEDIMENTOLOGIC OVERVIEW AND GEOCHEMICAL DATA
Five samples through the ~0.4 m mudrock were analyzed for bulk-rock geochemistry (ICP-MS), total organic carbon (TOC), total sulfur (S T ), dithionite- Poulton and Raiswell, 2002) , oxic and dysoxic continental margin and deep-sea sediments (0.26 ± 0.09; Anderson and Raiswell, 2004) , and Saharan soil dust (0.33 ± 0.01; Poulton and Raiswell, 2002; cf. Shi et al., 2012) . Rather, they are more typical of ratios in modern euxinic (anoxic and sulfidic) settings, such as the Black Sea and the Cariaco Basin (offshore Venezuela) (Raiswell and Canfield, 1998) . By contrast, the Fe T /Al of the studied section ranges from 0.32 to 0.41 (average 0.36; Fig. 3 ), which is low compared to average Fe T / Al (0.53) of Paleozoic shale (Raiswell et al., 2011) and average continental crust (upper continental crust [UCC]; Taylor and McLennan, 1985) , and significantly lower than modern euxinic sediments in the Black Sea (mean 0.89 ± 0.16; Lyons and Severmann, 2006 (Fig. 3) with Fe T / Al values that overlap with the data from Horseshoe atoll.
Importantly, sedimentologic and paleogeographic attributes indicate that the mudrock from the atoll originated as dust. It consists of non-biogenic, fine silt and clay composed of detrital quartz and clay minerals, which accumulated atop an isolated carbonate pinnacle that stood as much as 600 m (Burnside, 1959) above the surrounding seafloor during growth. The paleogeographic isolation precludes an origin for the mudrock from fluviodeltaic or deepwater clastics, and the mineralogy precludes a volcanic source. The mudrock exhibits weak pedogenesis (e.g., slickensides) and lacks horizonation, recording immature pedogenesis.
Differential compaction around pyrite grains confirms their early diagenetic origin, most readily linked to sulfate supplied by seawater seepage during transgression subsequent to dust accumulation (cf. Wright, 1986) on November 19, 2015 geology.gsapubs.org Downloaded from transitions from freshwater lacustrine to marine conditions (Jørgensen et al., 2004) . These d
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S py values contrast with the strongly negative values typifying pyrite formation in marine sediments and water columns (e.g., Lyons, 1997) . As the mudrock contains very low TOC, a reasonable electron donor for the sulfate reduction could be methane, diffusing from known organic-rich basinal facies. Regardless, the key consideration is that the pyrite formed dominantly from Feoxides originally deposited with the dust, and thus pyrite Fe should be included in our calculation of dust-derived Fe HR . In other words, Fe HR acts as a proxy for original oxide content. Importantly, glacial-stage dust flux to the study region exceeded that of interglacials by a factor of 400-4000, using estimated mass accumulation rates (see Sur et al., 2010a) .
IRON FLUXES AND CYCLING IN THE LATE PALEOZOIC OCEAN
In light of the eolian origin, we can explore the Fe relationships for the mudrock with an eye toward the possibility of enhanced delivery of reactive Fe and its potential biological impact.
The high values of Fe HR /Fe T in Horseshoe atoll are 2-3 times averages reported from river and oxic marine sediments (Raiswell and Canfield, 1998; Poulton and Raiswell, 2002) and considerably enriched compared to modern Saharan dust (Fig. 3) . Processes operating during typical transport (fluvial and eolian) and marine processes thus fail to explain the unusual combination of elevated Fe HR without overall Fe enrichments relative to average continental sources.
One model for Fe HR enrichment, without concomitant increases in Fe T /Al, is post-depositional weathering (pedogenesis). However, the weak evidence for pedogenesis indicates minimal in situ weathering. Additionally, Upper Pennsylvanian-Lower Permian dust samples generally exhibit higher Fe HR /Fe T (0.53, n = 71) compared to pedogenically altered equivalents (0.41, n = 24) within the same strata (Fig. 3) , suggesting that Fe HR was instead leached during pedogenesis. Our discovery of a fingerprint of elevated Fe HR /Fe T in the absence of overall Fe enrichment suggests repartitioning of unreactive to reactive Fe via as-yet poorly understood processing that also enhanced its bioreactivity. Recall that our estimate of reactivity is limited, because of the age of the sediments, to initial Fe-oxide content of the dust. However, relatively high Fe-oxide content in ancient dust is compatible with proportionally high bioavailability via enhancement that likely operated during transport.
Various processes have been suggested to effect enrichment of Fe HR and presumably bioreactivity of iron in atmospheric dust. Some evidence points to size fractionation, with finer sizes variably enriched (e.g., Poulton and Raiswell, 2005; Poulton and Canfield 2005; Shi et al., 2011 ), although Buck et al. (2010 found no increase in Fe solubility with decreasing particle size in Atlantic aerosols. Regardless, size fractionation fails to explain our data, as both the Paleozoic loess and marine mudrock exhibit high Fe HR , yet they span modes ranging from coarse silt to fine silt/clay. Others have suggested mineralogical controls, wherein clay-derived Fe is more soluble than Fe from other minerals (Journet et al., 2008; Shi et al., 2011) . However, although our marine mudrock is clay rich relative to the other Paleozoic loess, all show high reactivity. Thus, we favor atmospheric processing known to be important in enhancing bioreactivity through, for example, photoreduction of Fe(III) to Fe(II) (Kim et al., 2010) , evaporation and attendant acidification during cloud/aerosol processing (Jickells and Spokes, 2001) , and other atmospheric processing (Shi et al., 2012) . However, final answers are beyond the scope of this study, but the data imply a level of atmospheric processing in the late Paleozoic that exceeded modern levels.
The biological importance of Fe lies with its solubility and thus its bioavailability. Regardless of the mechanism for enrichment of Fe HR in this late Paleozoic data set, the data demonstrate high values of highly reactive Fe, and previous analyses indicate extreme glacial-stage dust fluxes (Sur et al., 2010a) . The large fluxes suggest remarkable atmospheric dust loading, an inference corroborated by the vast paleo-loess deposits of the Pennsylvanian-Permian-the thickest documented in the geologic record (Soreghan et al., 2008) . While paleo-loess deposits so far only have been identified near the equator, using coal mineral matter as a dust proxy suggests significant dust deposition in Angara, North China, and West Gondwana even during interglacial intervals of the Permian, implying a global impact for dust (Large et al., 2015) . Importantly, we can imagine vast coeval delivery of similarly bioavailable Fe to the oceans.
Integrating these results with aerosol modeling simulations for Early Permian paleogeography (Soreghan et al., 2015) yields estimates of 14-120 Pg/yr of carbon fixation attributable to dust fertilization-or 2-16 times the estimated modern marine carbon fixation attributable to dust fertilization (Okin et al., 2011 ; see the Data Repository for mass balance details). The car- bon isotope expression of the high levels of organic production expected with enhanced Fe HR delivery to the ocean and associated impact on CO 2 levels in the atmosphere could be masked by the large amounts of terrestrial organic burial during this interval. However, our results have important implications for both deep-time and modern climate change and thus merit further exploration and testing.
